Metallic mirrors will be essential components of all optical spectroscopy and imaging systems for ITER plasma diagnostics. Any change in the mirror performance, in particular, its reflectivity, due to erosion of the surface by charge exchange neutrals or deposition of impurities will influence the quality and reliability of the detected signals. Due to its high reflectivity in the visible wavelength range and its low sputtering yield, rhodium appears as an attractive material for first mirrors in ITER. However, the very high price of the raw material calls for using it in the form of a film deposited onto metallic substrates. The development of a reliable technique for the preparation of high reflectivity rhodium films is therefore of the highest importance. Rhodium layers with thicknesses of up to 2 m were produced on different substrates of interest ͑Mo, stainless steel, Cu͒ by magnetron sputtering. Produced films exhibit a low roughness and crystallite size of about 10 nm with a dense columnar structure. No impurities were detected on the surface after deposition. Scratch tests demonstrate that adhesion properties increase with substrate hardness. Detailed optical characterizations of Rh-coated mirrors as well as results of erosion tests performed both under laboratory conditions and in the TEXTOR tokamak are presented in this paper.
I. INTRODUCTION
The first mirror is one of the most critical elements of the ITER diagnostic systems. It must survive in an extreme environment: intense UV and x-ray radiations as well as particle fluxes due to charge exchange neutrals ͑CXNs͒ and has to maintain the required optical performance. [1] [2] [3] Due to its high reflectivity in the visible wavelength range ͑Ͼ70% -80% ͒ and its low sputtering yield, rhodium may be a good candidate for first mirrors in ITER and is proposed as an option in the present design of ITER diagnostic systems such as LIDAR. 4 However, there is a lack of experiments with mirrors made from this material. Single crystal molybdenum is currently the main candidate 5 for first mirror material owing to its low sputtering yield and acceptable reflectivity. 6 However, the feasibility of single crystal molybdenum mirrors with ITER-relevant dimensions is still yet to be demonstrated. Another way is to deposit Mo by magnetron sputtering on a metallic substrate. 7 These films have the typical columnar structure for magnetron sputtering deposition, and we will see that our rhodium films are similar to those presented in Refs. 2 and 7. Figure 1 shows the spectral reflectance calculated with optical constants given in Ref. 8 of various metals. The advantage of rhodium is obvious in the visible wavelength range in comparison to Mo or W; at 800 nm the reflectivities of Rh, Mo, and W are 82%, 56%, and 50%, respectively. Rhodium has also good thermal properties ͑high damage threshold fluence: F th for thermomechanical stresses 9 ͒ and a low sputtering yield ͑Y͒. For example with D + at 300 eV, Y of Cu and Al is eight and six times higher as Y of Rh, respectively. 10 The high cost of rhodium as a raw material and rather large dimensions of mirrors needed for ITER ͑Ref. 4͒ lead to envisage its use as a deposited film on a suitably chosen metal. Such film has to have a small grain structure to limit the surface roughening due to erosion by charge exchange neutrals and a high adhesion to the substrate. Among existing techniques, two ways of preparing such mirrors have been explored: the first one is to deposit the Rh by magnetron sputtering, 11 while the second one consists in applying the chemical and electroplating depositions of rhodium film onto substrate. 12, 13 No subsequent polishing after the Rh film deposition by magnetron is necessary, which has the advantage of simplifying the mirror preparation process in comparison to electrodeposition. In this work we will focus especially on optical properties of rhodium films deposited by magnetron sputtering on metallic substrates and the behavior of these layers in deuterium plasma under erosion conditions. a͒
II. EXPERIMENTAL
Deposition of rhodium was performed in a high vacuum chamber pumped down to a base pressure of about 2 ϫ 10 −4 Pa using a conventional pumping system. Rhodium layers are deposited by magnetron sputtering with argon as a process gas on metallic substrates at a working pressure of 0.6 Pa, for an electrical power of 25 W applied to the target ͑pulsed dc power supply͒ and room temperature ͑RT͒. Before deposition, the metallic substrates ͑stainless steel 304L, molybdenum, and copper͒ were polished first by abrasive SiC paper, then by diamond paste, and finally by an alumina powder of 0.05 m particle size to achieve a roughness ͑R a ͒ ranging from 4 to 12 nm depending on the material. Sample surfaces were cleaned in situ before deposition with hydrogen plasma for 15 min. A bias of −50 V was applied on the substrates in order to remove remaining surface contamination. The x-ray photoelectron spectroscopy ͑XPS͒ measurements were performed in an UHV chamber attached to the deposition chamber. The electron spectrometer was equipped with a hemispherical analyzer and an x-ray source ͑Mg K␣ excitation, h = 1253.6 eV͒ for core level spectroscopy. As reference for the electron binding energy calibration, the Au 4f 7/2 line of a gold sample was set to 84.0 eV. Morphology of the films has been investigated by top view scanning electron microscopy ͑SEM͒ Hitachi S-4800 field emission at 5 kV. Surface roughness R a ͑arithmetic average͒ was measured with a TENCOR model alpha-step 500 profilometer for a scan length of 1 mm and for five scans. Ex situ measurements of the total reflectivity were carried out using a UVvis-near infrared ͑NIR͒ spectrophotometer Varian Cary 5 equipped with a 110 mm diameter integrating sphere under nearly normal incidence ͑3°20Ј͒ in the wavelength range of 250-2500 nm. The reflectivities of the sample for linearly polarized light were performed for the parallel R p and perpendicular R s components of the light vector in dependence on a wavelength ͑300-2300 nm͒ and on an angle of incidence with a spectral ellipsometer SENTECH S 850. The adhesion properties were evaluated using a CSM Micro Scratch instrument scratch tester. During the test, the applied load was progressively increased from 0 to 20 N at a rate of 10 N min −1 and the scratch length amounted to 10 mm. Five measurements were performed for each sample and an average value of the critical loads is obtained.
III. CHARACTERIZATION OF DEPOSITED FILMS

A. Chemical analysis
Detailed investigations of the influence of the deposition conditions on the properties of the films have already been presented in our previous paper. 11 It is important to note that no impurities ͑oxygen, carbon, argon͒ were found in the films by XPS measurements carried out after deposition, whatever the deposition conditions. Figure 2͑a͒ shows typical Rh 3d core level spectrum obtained by in situ XPS measurements for a rhodium layer deposited on stainless steel. A fit procedure, using Doniach-Sunic functions 14 was applied, after a Shirley background subtraction, 15 reveals only one component of the Rh 3d 5/2 line at a binding energy of 307.0 eV and a spin-orbit splitting of 4.6 eV. 11 After long term storage in air, surface is covered with adsorbed molecules ͑oxygen, carbon͒ and a thin rhodium oxide layer is formed on the surface. The measured Rh 3d spectrum ͓Fig. 2͑b͔͒ can be deconvoluted into two components at binding energies of 307.1 and 308.0 eV and spinorbit splittings of 4.6 and 4.8 eV, respectively. The oxygen peak has also two components at 530.2 and 531.6 eV ͑inset of Fig. 2͒ , respectively. The former can be attributed to oxygen in direct bonding to the metal and assigned to Rh 3+ ͑308.0 eV͒, 16 while the latter can be ascribed OH or H 2 O molecules adsorbed on the surface. 16 For all the samples used in this study, no variation of the optical reflectivity was observed after long air storage of the samples in contrary of molybdenum mirrors, 5 showing advantageous properties of this material.
B. Roughness after deposition
The roughness of the film is an important issue for mirrors because of the associated loss of specular reflectance ͑R spec = R tot − R diff ͒. After deposition, no further polishing of the samples was made, and yet very low roughness values were obtained. Figure 3͑b͒ shows SEM image of a thick film ͑1.8 m͒ deposited on molybdenum substrate ͓Fig. 3͑a͔͒. No change of the roughness was observed before and after deposition ͑R a ϳ 4 nm͒. In this case the diffuse reflectivity measured is under 1% in the range of 250-2500 nm.
A way to decrease the roughness after deposition, as described by Thompson, 17 is to increase the mobility of atoms during deposition by increasing the temperature of a sample. In our case, three substrate temperatures: RT, 170, and 350°C were investigated. Depositions of rhodium were done in the same conditions on clean stainless steel substrates with a constant film thickness of about 200 nm. The roughness after deposition is indeed found to decrease with increasing substrate temperatures. This is shown in the inset of Fig. 4 where the ratio of the roughness values measured after and before deposition is plotted. Similar observations were made for deposition on silicon substrates. 11 The specular reflectivity exhibits the similar behavior ͑Fig. 4͒ and increases by 1.6% and 2.1% for 170 and 350°C, respectively, at 400 nm. All these measurements are similar to reference data.
IV. INFLUENCE OF THE SUBSTRATES
A. Optical characterizations
To avoid thermal stress at the interface between a reflecting layer and the mirror substrate during laser exposition, the thickness of the layer should be much larger than the penetration depth of the heat wave. 9 A thickness of at least several microns is needed to avoid this phenomenon and also to improve the resistance toward CXN erosion. For example, the maximum erosion of molybdenum mirrors for motional Stark effect ͑MSE͒ diagnostic in 5 years of ITER operation is estimated to be around 1 m. 18 Due to the different sputtering yields of rhodium the erosion of rhodium mirror during the same period is estimated around 4 m. Rhodium was deposited on stainless steel, copper, and molybdenum without any buffer layer to investigate the influence of the substrate. For all these layers the thickness is in a range of 1.2-1.9 m. The total reflectivity ͑not shown here͒ for these different substrates is comparable to reference data. As expected, no influence of the substrate is noticed on the optical reflectivity.
For some diagnostics the polarization of the linearly polarized laser radiation is important. For example, in the case of MSE the incident laser radiation will be s polarized. Reflectivity measurements were performed at incidence angles of 40°, 50°, 60°, 70°, and 80°, for s and p polarized lights, and are plotted for a wavelength of 660 nm in Fig resent the s and p components calculated with the theoretical optical constants. The refractive index ͑n͒ and absorption index ͑k͒ for this film are 2.05 and 5.71, respectively, at 660 nm in comparison to 2.22 and 5.81 from Ref. 19 . In the inset of Fig. 6 the reflectivites of this mirror measured at 40°f or s and p polarizations and reference curves, calculated with the data from Palik, 8 are plotted.
The optical characterizations described in this paper were done on the sample having 2 cm in diameter. One Rh layer was deposited on a square sample, 4 cm in size. The optical observations show a homogenous film on the whole surface. For mirrors with ITER-relevant sizes, the size of the magnetron target will of course have to be scaled up; however, from the observations made here, there are a priori no reasons for technological limitations in the preparation of larger samples.
B. Effect of annealing cycles
To investigate whether annealing cycles will have an effect on the mirror reflectivity and the thermal stresses between the reflecting layer and the mirror substrate, two mirrors were annealed ten times for 5 h at 200°C in air. The rhodium layer thickness in both cases was 1 m thick and was deposited on stainless steel and on molybdenum. After the last annealing no evolutions of the total and the diffuse reflectivity are observed in the range of 250-2500 nm. The optical observations did not reveal any modification or delamination of the layer. The XPS measurement after annealing cycles is quite similar to those made after air storage ͓Fig. 2͑c͔͒. The spectrum has a more pronounced distinct shoulder for high binding energy side. After the fitting procedure described in Sec. III, this shoulder is found to be due to the Rh 3+ component at 308.3 eV.
To investigate relevant ITER baking procedure, one sample ͑1.7 m͒ deposited on molybdenum was annealed for 6 h at 400°C in vacuum ͑1 ϫ 10 −4 Pa͒. The observations after this treatment were similar as previously described, i.e., no change of the reflectivity, no delamination, and no surface modification.
C. Adhesion of the coatings
The adhesion strength is a complicated function of interface conditions, such as film thickness, film stress, surface roughness, and elastic properties of the substrate. 20 Investigations of adhesion with the scratch-test method were carried out for a 200 nm thick rhodium coating deposited at RT on copper, molybdenum, and stainless steel substrates, respectively. The damage sequence observed for the steel substrate is presented in Fig. 6 . At an early stage of the scratch test, microcracking occurred in the track transversally to the scratch direction, indicating a cohesive failure within the layer. With increasing loading, the bending of the substrate induced its appearance under the cracks, while a pileup was progressively formed ahead of indenter. In addition, no wedge spallations were detected even at 20 N; the coating presenting a rather good adhesion on the pileup. For all samples the failure mode appeared to be similar. Thus, the lowest load when the substrate was visible in the track was chosen as the critical load criterion. Measurements and the hardness of substrates, measured by a Vickers indentation method, are presented in Table I . The critical loads for rhodium on molybdenum and on stainless steel are comparable but five times higher than on copper substrate. For the failure mode described the adhesion properties increase with the substrate hardness. Such an increase of adhesion properties with the substrate hardness has already been observed in the case of other coatings on steels. 21 More detailed results for adhesion properties of these films are described in Ref. 22 . As described in Ref. 9 copper and stainless steel seem to be acceptable as substrate materials as far as distortion from heating is concerned. One criterion for making a choice between these two substrates could be the substrate hardness in order to improve the adhesion properties.
V. EROSION OF RHODIUM MIRRORS IN LABORATORY EXPERIMENTS AND IN TOKAMAK
A. Evolution of the reflectivity after laboratory deuterium plasma
The possible deterioration of mirror reflectivity as a result of erosion by CXN and redeposition of material eroded from plasma-facing components represents a serious concern for the reliability and long term usability of spectroscopic systems. As shown in Ref. 11 these films have no specific grain orientation and small grain size ͑Ͻ15 nm͒. In fact, it is more favorable to have no specific orientation for a polycrystalline material with small grain size to avoid surface roughening after erosion due to different sputtering yields of individual crystal planes. 23 To test the behavior of rhodium mirrors in a deuterium plasma containing carbon impurities, experiments were carried out in the setup described in the experimental part. A deuterium glow discharge is created in the chamber by a hollow cathode covered by graphite, and a negative bias of −300 V is applied to the mirror to control the impinging ion energy. Ion fluxes are determined by measuring the current passing through the sample, neglecting secondary electron emission. Details of this experiment can be found in Ref. 24 . A rhodium coated mirror, 1.8 m thick deposited on a molybdenum substrate, was exposed for 13 h to a deuterium plasma; the total accumulated fluence at the end of the exposure was 2 ϫ 10 20 ions cm −2 . This fluence corresponds to the CXN fluence onto the first mirrors in ITER accumulated during several hundreds of discharges. 25 After plasma exposure, no significant evolution of the roughness and of the diffuse reflectivity was observed. In addition, surface SEM observations before and after this experiment did not reveal any change. From weight measurements of the mirrors before and after plasma exposure, it is possible to calculate the eroded thickness by the 300 eV deuterium ions; for this fluence the eroded thickness was 375 nm. In Fig. 7 , the total reflectivities of the rhodium before and after exposure are plotted. As seen, a reflectivity decrease of 14% is measured at 400 nm caused by the deposition of a very thin carbon layer according to ex situ XPS measurements ͑not shown here͒. After deuterium bombardment, 32% of carbon and a small amount of oxygen on the surface are found. A deconvolution, as described in Sec. III, reveals only one component of the C 1s line at 284.1 eV. This line is associated with a pure amorphous carbon phase coming from the coating of the hollow cathode, this position is consistent with the one reported by other authors. 26 The presence of an amorphous carbon film explains the observed reflectivity decrease. A cleaning of this sample was carried out with hydrogen plasma for 30 min. A bias of −100 V was applied on the substrate in order to remove the amorphous carbon film. The temperature during this cleaning was 300°C to increase chemical erosion. The total reflectivity after cleaning as shown in Fig. 7 is comparable to that before the plasma exposure. We can conclude that after an eroded depth of 375 nm by deuterium plasma, the reflectivity was not affected by the physical sputtering of the surface. Two identical experiments have been performed on other rhodium layer deposited on stainless steel and copper. The same results have been obtained as described previously.
B. Evolution of the reflectivity after exposure in TEXTOR
An important issue for rhodium mirror foreseen for fusion applications is a test in a tokamak environment. Three mirrors were exposed in the scrape-off layer ͑SOL͒ plasma of TEXTOR under erosion-dominated conditions in the same plasma environment. All three mirrors were placed in a row on the specially instrumented holder, made from TZM alloy consisting from 99% Mo, 0.5% Ti, and 0.1% Zr. The holder with mirrors was inclined with an angle of 20°with respect to the toroidal field direction like it is shown in Fig. 8 . The leading edge of the holder was located at the radial distance of R = 47.3 cm from the plasma center, which corresponded to the distance of ϳ13 mm from the last closed flux surface. 19 neutral beam injection ͑NBI͒-heated identical plasma discharges were carried out with total plasma duration of 100 s with an averaged central electron density of 4 ϫ 10 13 cm −3 . The temperature of the bulk mirror holder was measured with thermocouples and was varying between 160 and 230°C during the exposure. The surface temperature of the holders' plasma-closest leading edge rose up to 1200°C during the discharge and the mirror temperature was within 300-500°C as controlled with optical pyrometers. The energy of D + ions impinging the surface of mirrors was of order of 250 eV. The total fluence averaged was 3.41ϫ 10 20 ions cm −2 , which corresponds to several hundreds of ITER discharges. 25 The three exposed mirrors ͑Fig. 8͒ were single crystal molybdenum mirror ͑a͒, rhodium mirror deposited by electrodeposition ͑c͒, 12 and a rhodium mirror deposited by magnetron sputtering ͑b͒. 11 In the following only the results obtained for the latter will be described. Results for the other Rh-coated mirror can be found in Ref. 27 ; the main changes found after the exposure are the decrease of the hemispherical reflectivity by 3%-10% and the modification of the mirror surface shape from flat to convex. The rhodium layer was deposited on a molybdenum substrate ͑18 mm diameter͒ at room temperature and the thickness was 2.4 m as measured on witness-sample installed during the deposition process. The sample is shown in Fig. 8͑b͒ and as an inset in Fig. 9 . It kept its metallically shiny surface. However, small moonlike traces of deposition are present on the lower part of mirrors. These traces were artificially produced due to the plasma shadowing by the mirror holder having the protective "step" ͑Fig. 8͒, similarly as it was described by Litnovsky et al. 5 The specular reflectivities measured in the middle of the mirror before and after exposure are shown in Fig. 9 . After ex- posure, a slight decrease of the specular reflectivity is measured over the whole wavelength range. However, the most pronounced change appeared to be in the visible and ultraviolet wavelength ranges ͑8% at 250 nm͒. An increase of the diffuse reflectivity of about 0.5% is also measured over the whole wavelength range and the roughness R a increase from 6.3 to 8.9 nm after exposure. XPS and secondary ion mass spectroscopy measurements ͑not shown here͒ reveal the presence of a carbon film on the mirror surface. Traces of molybdenum and molybdenum oxide are also found on the surface, most likely due to the redeposition of material eroded from the sample holder made of molybdenum. The Rh 3d spectrum is similar to that measured after air storage shown in Fig. 2͑b͒ . The crystalline grains appear much less distinctively on SEM observations after exposure.
Therefore the same cleaning procedure, as described in the previous section, of this sample was carried out with hydrogen plasma ͑45 min, −100 V, 300°C͒. The specular reflectivity after cleaning ͑Fig. 9͒ increases but did not reach completely the initial value.
The eroded rhodium thickness of the mirror has been estimated by making the crater through the Rh layer only using secondary ion mass spectrometry diagnostic ͑ION-ToF 4, FZJ, Germany͒ and then measuring the crater depth with stylus profiler Dektak 6M ͑FZJ, Germany͒, and is 440 nm. The calculated sputtering yield ͑Y͒ for the fluence of 3.41ϫ 10 20 ions cm −2 with this eroded thickness is Y = 0.009. This value is higher than the Y = 0.006 reported by Yamamura and Tawara, 10 and also higher as the Y = 0.002 for molybdenum at the same energy. Taking in account 2%-3% of sputtering carbon ions with two orders of magnitude higher sputter yield, this value is quite reasonable. Moreover, the eroded thickness calculated after this exposure is consistent to the one calculated for our laboratory experiment described in the previous part, which is 375 nm for D + at 300 eV and a fluence of 2 ϫ 10 20 ions cm −2 .
VI. CONCLUSION
In the present study we report various properties of rhodium coated metallic mirrors prepared by magnetron sputtering. No impurities were detected on the surface after deposition. The films have a low roughness and nanometersized crystallites with a dense columnar structure. Thick layers, more than 2 m, exhibit very good optical reflectivity with a diffuse reflectivity lower than 1% over the UV-vis-NIR range. Storage of the samples in air did not affect the reflectivity. Nevertheless, the results of the scratch test performed in this study evidenced that adhesion properties increase with substrate hardness and are better for stainless steel and molybdenum. The first laboratory test of erosion by deuterium ions ͑300 eV͒ and also annealing cycles are promising in view of diagnostic mirror applications. It is also important to note that the layer survived under erosion conditions in real tokamak ͑TEXTOR͒, although the reflectivity was decreased after exposure in tokamak plasmas. Further tokamak exposures are scheduled to understand this reflectivity decrease.
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